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SLIDE 1 (11
th
 IAEG) Choose background of sloping area 
 
GEOTECHNICAL ANALYSIS OF SLOPES AND LANDSLIDES 
ACHIEVEMENTS AND CHALLENGES 
 
 
Robin Chowdhury and Phil Flentje  
University of Wollongong, Australia 
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SLIDE 2 (Background photo to be selected) 
 
PRIMARY OBJECTIVES    
Design Safe Slopes, Understand Performance of Slopes and Earth Dams, Quantify Landslide Susceptibility, 
Hazard and Risk, Landslide Risk Management, Reduction of Disaster Risk 
 
ESSENTAIL INFORMATION 
REGIONAL---Geology, Topography, Urbanisation, Landslide History, Triggering Factors(Rainfall ,Earthquakes 
etc) 
 
SITE-SPECIFIC----Soil and Rock Types, Discontinuities ,Pore Water Pressures, Shear Strength Parameters, 
Unsaturated Zones, Observed Slope Movements, Quality of Data 
 
IMPORTANT STEPS  
 
Identify Failure Mechanisms, Develop Geotechnical Models, Parameter Variability, Systematic Uncertainties, 
Assess Stability/Reliability/Hazard /Risk, Validate with  
Respect to Observed Data 
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SLIDE 3 
 
REGIONAL STUDY   
 
QUALITATIVE METHODS—Site inspection, local knowledge ,expert judgment, alternatively identify key 
influencing factors and several grades or categories of each ,then use scoring and summation with appropriate 
weights based on judgment 
 
QUANTITATIVE  OR SEMI –QUANTITATIVE METHODS—GIS-based maps of geology ,topography, existing 
landslides and other key factors, Comprehensive landslide Inventory ,Knowledge-based simulation of selected 
area/zone  including  both  stable sub-area   and existing landslides .Mapping zones of different landslide 
susceptibility ,Quantifying susceptibility and Hazard. 
 
SITE SPECIFIC STUDIES  
 
DETERMINISTIC     --See Next Slide 
 
PROBABILISTIC       ---See Next Slide 
 
OBSERVATIONAL APPROACH 
 
Based on Field Monitoring including Continuous (near real time) Monitoring of Pore Water Pressures, Slope 
Deformations /Shear Movement  
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SLIDE 4 
 
DETERMINISTIC AND PROBABILISTIC APPROACHES 
 
(A)DETERMINISTIC  
 
Type of approach                                           Performance Indicators 
 
Limit Equilibrium                    Factor of safety (F), Critical Seismic Coefficient (Kc) 
   
 
Initial Stress Approach            Factor of safety(F), Critical Seismic Coefficient (Kc)  
 
Stress Deformation                   Distribution of stresses, strains &deformations 
 
 
(B) PROBABILISTIC 
 
Steps in Analysis                                      Purpose and Performance Indicator 
 
Analysis of uncertainty               Variability of parameters, systemic uncertainty 
                                                     Spatial averaging, moments of key random variable 
 
Reliability parameter                                  Reliability Index (RI) 
 
Probability Analysis                  Choice of distribution, calculate probability of failure 
 
Bayesian analysis                      Updated probability based on observed performance 
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SLIDE 5 
 
BASIC DEFINITIONS OF RELIABILITY INDEX AND PROBABILITY OF FAILURE 
 
%
F
(Mean of F 1) F 1 E[F] 1
RI
S.D. of F F
− − −
= β = = =
σ
 
Fp P(F 1)= <   Thus, reliability or probability of success is given by  Sp P(F 1)= >  
 
 
 
 
 
BIVARIATE PROBABILITY DISTRIBUTION CONNSIDERING TWO RANDOM VARIABLES SUCH AS THE 
SAFETY MARGINS ALONG TWO SEPARATE SLIP SURFACES 
 
THIS IS USEFUL FOR MODELLING PROBABILITY OF PROGRESSIVE FAILURE AND  THE PROBABILITY OF 
SUCCESSINVE FAILURE  
 
 
 
 
 
 
 
BIVARIATE PROBABILITY DISTRIBUTION 
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SLIDE 6 
 
 
 
PSEUDO STATIC FACTOR OF SAFETY CONSIDERING HORIZONTAL SEISMIC FORCE  
 
ACTING ON A SLICE WITHIN A NATURAL SLOPE 
 
βγ+ββγ
φ′−ββγ−βγ+′
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CRITICAL SEISMIC COEFFICIENT IS A FUNCTION OF THE STATIC FACTOR OF SAFETY, F   
 
  c
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SLOPE ACCELERATION AT ANY INSTANT OF TIME AFTER START OF MOTION WITH SEISMIC 
ACCELERATION k(t) 
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SLIDE 7 
 
 
KEY QUESTIONS  FOR   REFINING  SLOPE ANALYSIS    
 
Assessing the potential for strain-softening and progressive failure within the slope? 
 
Adopt a simulation process for the effect of progressive failure process? 
 
Acceptable values of key performance indicators, e.g., 
 
-Minimum acceptable value of Safety Factor? 
 
-Minimum acceptable value of Critical Seismic Coefficient? 
 
-Minimum acceptable value of Reliability Index? 
 
-Maximum acceptable value of Probability of Failure? 
 
-Maximum magnitudes of deformation at critical locations? 
 
Assessing the potential for successive slides following an initial landslide? 
 
What is the probability of failure considering a mechanism of progressive failure? 
 
What is the probability of successive failure if an initial failure occurs? 
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SLIDE 8 
 
PROGRESSIVE AND SUCCESSIVE FAILURE ASSESSMENTS 
 
(A) Deterministic 
• Consider strain-softening characteristics of slope materials 
• Assess values for peak and residual shear strength parameters, brittleness index, residual factor 
• Overstressed elements/segments along slip surfaces (Limit Equilibrium Analysis),  
• Overstressed zones within the slope (Stress –Deformation Analysis) 
• Recalculation of Factor of safety after simulating softening and stress redistribution 
(B) Probabilistic 
• Joint probability of failure of adjoining elements, (i) and (i+1), (i) = 1 to n 
• Consider different potential failure modes involving a process of progression over all of the   slices 
/elements 
• Calculate overall failure probability of failure for each mode of progression  
• Consider multiple potential slip surfaces including the critical slip surface  
• What is the probability that initial landslide will be followed by a larger slide  
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SLIDE 9 
 
 
 
IDEALISED STRESS STRAIN CURVES FOR STRAIN-SOFTENING MATERIAL 
 
 
.  
 
SIMULATION OF PROGRESSIVE FAILURE – PROPOSED PROCEDURE  
 
START 
  
FACTOR OF SAFETY (peak strength basis) F> Acceptable Value 
 
CHECK FOR LOCAL OVERSTRESSING 
 
 
ANY OVERSTRESSED ELEMENTS?  --- NO- END 
YES 
 
 
ASSIGN RESIDUAL STRENGTH TO OVERSTRESSED ELEMENTS 
REDISTRIBUTE EXCESS SHEAR STRESS 
 
ANY MORE OVERSTRESSED ELEMENTS--- NO- 
YES -  
 
RECALCULATE FINAL FACTOR OF SAFETY 
 
CHECK IF REDUCED F>Acceptable value 
 
 
END
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SLIDE 10 
    
AN EXAMPLE   OF STRESS REDISTRIBUTION CONSIDERING PROGRESSIVE FAILURE 
 
Height, H = 25m,Inclination, β = 22oCentral angle, θ = 68.7oUnit weight of soil, γ =18.8kN/m3 
Peak shear strength parameters: c′ = 30 kN/m2, φ′ = 20o,Residual shear strength parameters: c′r  = 10 kN/m
2
, φ′r = 12
o
 
 
 
Fig. E-5.4: Slope Section for Example 5-5 
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F value for Ordinary 
Method 
of slices 
Bishop 
Simplified 
Method 
Peak Shear Strength 
Parameters for all the 
segments, i.e., F = F0 
1.57 1.65 
Residual Shear 
Strength Parameters 
for all the segments, 
i.e., F=Fr 
0.77 0.82 
F = F1 1.27 1.33 
F = F2 1.21 1.26 
F = F3 1.21 1.26 
Convergence was achieved in 3 iterations. While the final value of      F (=F3 or F2) is found to be approximately 23 to 24% 
less than F = F0 based on peak strength parameters for all the segments, it is found to be approximately 54 to 57% more than 
F = Fr based on residual strength parameters for all the segments.Assuming peak strength for all the segments overestimates 
the factor of safety by nearly 30%, while assuming residual shear strength for all the segments underestimates the factor of 
safety by nearly 35%. 
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Probability of successive failures in rock or soil 
 
 
PA and B = P (SMA < 0 and SMB < 0), A BAB
A
P(SM 0 and SM 0)
P
P(SM 0)
≤ ≤
=
≤
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SLIDE 12 
 
REGIONAL SLOPE ANALYSIS WITH RAINFALL AS TRIGGERING FACTOR (LANSDSLIDING CAUSED BY 
INCREASING PORE WATER PRESSURES) 
 
 
Case study - August 1998 rainstorm event - Wollongong region 
 
 
August 1998
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Spatial distribution of rainfall and location of landslides 
 
rainfall duration intensity relationship and threshold PLOT SHOWN IN SLIDE 14 
 
LANDSLIDE SUSCEPTIBILITY AND HAZARD ZONING BASED ON KNWLEDGE-BASED SIMULATION SHOWN 
IN SLIDE 15 
 
EXAMPLE OF CONTINUOUS MONITORING OF RAINFALL, PORE WATER PRESSURE AND LANDSLIDE 
MOVEMENT AT A SPECIFIC LOCATION SHOWN IN SLIDE 16 
 
 
 
 
 
 
 
 
 
 
 
 
SOME CHALLENGES FOR THE FUTURE OF SLOPE ANALYSIS 
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*FURTHER RESEARCH ON ACCEPTABLE VALUES OF SLOPE RELIABILITY AND  
LANDSLIDE SUSCEPTIBILITY, HAZARD AND RISK 
 
*VALIDATION OF HAZARD AND RISK MODELS  
 
*INTEGRATION OF OUTCOMES FROM REGIONAL AND SITE-SPECIFIC APPROACHES 
 
*RELATING LANDSLIDE SUSCEPTIBILITY FROM KNOWLEDGE BASED MODELS WITH PROBABILITY 
CALCULATED FROM GEOTECHNICAL ANALYSIS 
 
*FURTHER DEVELOPMENT OF OBSERVATIONAL APPROACH SPECIFICALLY FOR LANDSLIDES  
 
*PERFORMANCE INDICATORS BASED ON DEFORMATIONS 
 
*PERFORMANCE INDICATORS BASED ON OBSERVED PORE WATER PRESSURES 
 
*CLIMATE CHANGE SCENARIOS-----OBTAINING SLOPE STABILITY-SPECIFIC DATA  
 
*VARIABILITY OF TRIGGERING FACTOR FOR DIFFERENT TIME-SCALES 
 
*SIMULATION STRATEGIES WHICH CONSIDER CLIMATE CHANGE SCENARIOS 
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Fig. 11-22. Rainfall intensity/duration thresholds for initiation of all landslide types (including debris flows) in the Illawarra 
during the August 1998 rainstorm event (vertical data series at various cumulative periods). Included is the Caine (1980) 
threshold line for internationally published rainfall intensity/duration and associated debris flow data on undisturbed slopes 
(Murray 2001). ARPET threshold line for disruptive failure involving deep-seated, slow-moving landslides (Flentje, 1998) is 
also included. 
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Fig. 11-24. Segment of the Landslide Hazard Map. 
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challenges for the future of slope analysis 
 
further research on acceptable values of slope reliability and  
landslide susceptibility, hazard and risk 
validation of hazard and risk models  
integration of outcomes from regional and site-specific approaches 
relating landslide susceptibility from knowledge based models with probability calculated from geotechnical analysis 
further development of observational approach specifically for landslides  
performance indicators based on deformations 
performance indicators based on observed pore water pressures 
climate change scenarios-----obtaining slope stability-specific data  
variability of triggering factor for different time-scales 
simulation strategies which consider climate change scenarios 
 21 
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Table 9-1. Probable upper bound displacements for embankment dams subjected to earthquakes of magnitude M=6.5. (Little 
or no strength loss is assumed in the computations.) (After Seed, 1979). 
 
 Crest 
acceleration 
km Factor of Safety 
Fss = 1.15 for 
k = 0.05 
15% strength loss  
ky = 0.05 
 
Fss = 1.15 for  
k = 0.1 
15% strength loss 
ky = 0.10 
 
Fss = 1.15 for 
k = 0.1  
No strength loss 
ky = 0.15 
 
Probable upper  
  bound of  
  accelerations  
  for most earth 
  dams 
1.0 g  
 
0.75 g
0.50 g
0.25 g





 
0.4
 
0.3
0.2
0.1



 
4.0 ft  
 
2.7 ft.
1.7 ft.
6.0 in.



 
1.8 ft  
 
1.2 ft
6.0 in.
0

  
1.0 ft.  
 
6.0 in.
1.0 in.
0

  
Note: 1ft. = 30.48 cm (0.3048 m) and 1in = 2.54 cm 
km = Effective peak acceleration coefficient 
 
 
 
 
 
 
 
Table 9-5.  Soil properties in different zones shown in Fig. 9-12 (from Lee, et al., 1975) 
 
Zone γ 
(kN/m
3
) 
c′ 
(kN/m
2
) 
φ′ 
(Degrees) 
cu 
(kN/m
2
) 
1 17.3 0 38 - 
2 20.5 0 37 - 
3 19 - - 81.4 
4 20 0 33 - 
4 19 - - 81.4 
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Table 9-6.  Results of effective stress analysis for Lower San Fernando Dam (sli 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9-6.  Results of effective stress analysis for Lower San Fernando Dam (sliding block model assuming variable critical 
seismic acceleration) considering predicted critical slip surface (Chowdhury, 1995, 1996) 
  
Dynamic PWP Parameter F kc 
Before Earthquake  
A1 = 0, An = 0 
2.04 0.36 
A1 = 0.67, An = 1.6 1.49 0.16 
A1 = 0.67, An = 2.4 1.19 0.07 
A1 = 0.67, An = 2.6 1.1 0.04 
A1 = 0.67, An = 2.8 Failure* Failure* 
* Time to failure, tc = 14.55 seconds 
 
Table 9-7.  Results of effective stress analysis for Lower San Fernando Dam (sliding block model assuming variable critical 
seismic coefficient) considering observed slip surface  
 
Dynamic PWP Parameters F kc 
Before Earthquake  
A1 = 0, An = 0 
2.29 0.48 
A1 = 0.67, An = 1.6 1.55 0.20 
A1 = 0.67, An = 2.4 1.21 0.04 
A1 = 0.67, An = 2.6 Failure* Failure* 
* Time to failure, tc = 14.535 seconds 
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Fig. 9-16. Probability Curve: proportion of landslide cells as a function of Newmark displacement (Jibson et al., 1998). 
 
 
(b) Lognormal Distribution 
 
 
%
F
(Mean of F 1) F 1 E[F] 1
RI
S.D. of F F
− − −
= β = = =
σ
      
 
Fp P(F 1)= <   Thus, reliability or probability of success is given by  Sp P(F 1)= >      
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Table E-6.1 Reliability calculations extracted from Christian et al. (1994) concerning embankments (dikes) of different 
heights 
 
Height H 
in metre 
F  β σF F required for different 
pF 
F required for pF = 0.001 
or β = 3.10 for all cases 
6 1.5 1.84 0.27 1.63 
(Target pF = 0.01) 
1.84 
12 1.45 2.66 0.17 1.53 
(Target pF = 0.001) 
1.53 
23 1.43 3.69 0.116 1.43 
(Target pF = 0.0001) 
1.36 
 
Note: The differences in F  required are small if target pF is varied according to height. Differences in F  required are larger if 
there is a single target pF.  
 
 
 
(b) Reliability Index Calculations based on Different Assumptions 
 
 
β values on incorrect assumption  
H 
 
F  
 
β No correction for 
spatial averaging 
Systematic 
uncertainty ignored 
All uncertainty 
considered spatial 
6 m 1.5 1.84 1.66 2.27 1.94 
12 m 1.45 2.66 1.76 4.73 3.94 
23 m 1.43 3.69 2.5 12.34 9.35 
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PA = P(SMA < 0)  
PB = P(SMB < 0)  
 
The probability of failure along both A and B may be denoted by PA and B. Then, one can write  
 
PA and B = P (SMA < 0 and SMB < 0) 
 
 
A B
AB
A
P(SM 0 and SM 0)
P
P(SM 0)
≤ ≤
=
≤
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Fig. 11-20. RTA Mount Ousley pluviograph rainfall data. 
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Sliding probability in a progressively failing slope as a function of failed proportion of slip surface B of Fig. 10-8 with 
gravitational stress distribution, after Chowdhury (1992). 
 
 
 
 
 
 
 
 
 
 
 
 
Sliding probability in a progressively failing slope as a function of the failed proportion of slip surface B of Fig. 10-8 with 
FEM stress distribution, after Chowdhury (1992). 
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. Idealised stress-strain relationships for strain-softening material: (a) Removal of excess shear stress by iterative process 
using positive elastic modulus for branch with negative slope; (b) Brittle material in which excess from residual is removed 
directly (after Lo and Lee, 1973).  
 
